Studies of experimental magnesium depletion have been reported in the past (1) (2) (3) (4) (5) (6) (7) (8) . This report describes a re-evaluation of this problem in which some of the previous observations have been confirmed and extended. In particular these studies were concerned with the interrelationships between magnesium deficiency and the metabolism of potassium, calcium, and phosphorus. In addition, the pathologic alterations of the kidneys were examined. These latter observations will be alluded to here, although they have been reported in an abstract (9), and will be the subject of a more detailed discussion in another publication.
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METHODS A-ND EXPERINIENTAL D)ESIGN
Femiale Sprague-Dawley rats were used throughout. The animals were pair-fed by groups a synthetic diet free of sodium, potassium, chloride, phosphate, and magnesium. The composition of this diet is listed in Table I . In additon, each animal received daily by gavage an approp)riate electrolyte solution which will be described in specific terms later. Demineralized water was allowed at will.
At the end of each experiment the animals were anesthetized with hexobarbital sodium administered intraperitoneally, and then exsanguinated from the abdominal aorta. Thigh, leg, and lumbar muscles were taken for chemical analysis, and the other tissues obtained for histologic examination. In some experiments total carcass was also analyzed. The preparation of erythrocytes for analysis involved an initial centrifugation in a plastic tube, followed by the removal of plasma and buffy coat. The red cell mass was then recentrifuged at 20,000 g for 15 minutes. At the end of this time the tube was frozen, and then a cut was made just below the top of the erythrocyte mass. In this fashion a quantity of relatively pure red cells was obtained.
The chemical methods were as follows: urea nitrogen vith the autoanalyze.r utilizing the calorimetric reaction with diacetyl monoxime (10) phosphorus, by the method of Fiske and Subbarow (13) .
In addition, the concentrations of calcium and magnesium in serum were initially estimated with the titration method of Walser (14) . Later, the serum and all of the tissue analyses for calcium and magnesium were made by flame photometry, using the Zeiss spectrophotometer with double monochromator, according to the method of MacIntyre (15) . Other methods are described in a previous report from this laboratory (16) . Experimient I. In this experiment two groups of animals were studied for 31 days while they ingested the electrolyte-free diet (EFD). The control and experimental groups received the electrolyte solution referred to in Table II . At the end of 31 days half of each group was killed and the other half was permitted to live, subsisting on an ordinary complete laboratory chow diet for 5 months, at which time they, too, were killed and similar observations were made.
Experimnent II. This experiment differed from Experiment I only in that both the control and experimental animals received 4 mmoles of potassium per day instead of 2 mmoles per day. The specific composition of the gavage is presented in Table II . 1 Significantly different at p < .05.
After equilibration of the bath fluid, the intact diaphragms were rapidly prepared, rinsed in normal saline, and then suspended in the bathing fluid. The exposure to the bath was terminated after eight hours, at which time the diaphragms were rinsed with 5% dextrose in water, dissected, blotted, and placed in tared weighing vessels. Three pools of eight diaphragms each were made to permit all the chemical analyses with ease. Eight diaphragms were prepared in a similar manner, but were placed in a tared weighing vessel without prior exposure to the bath fluid to provide data concerning the initial composition of the diaphragm muscle. The tissues were dried for 72 hours at 1000 C, the tissue was ground, and an approximately 20-mg sample was turned to ash in a platinum crucible at 400°C for 24 hours for determination of magnesium. The remainder was extracted in 0.75 normal HNO3 for three days, and the supernate employed for the determination of sodium, potassium, and chloride.
RESULTS
Peripheral vasodilatation and hyperemia of the ears were noted regularly in the magnesium-deficient animals. These changes appeared between days 6 and 10 of the regimen of magnesium depletion and persisted for varying periods of one to four days. Some of the animals manifested evidences of neuromuscular irritability, which included convulsive movements. There were no differences in the weight gained between the experimental and control groups of any paired study.
Experiment I. The results of the chemical analyses of serum are presented in Table III . It will be noted that whereas the concentrations of sodium, potassium, chloride, and total CO2 content are the same in the two groups, there is a significant hypomagnesemia, hypercalcemia, and modest azotemia in the magnesium-depleted group. Examination of the muscle data in Table IV reveals a small but statistically significant muscle potassium depletion and an expanded "chloride space" in the magnesium-deficient group. There was no increase in calculated intracellular sodium in the magnesium-depleted group. The urinary excretion of phosphorus was markedly augmented in the magnesium-depleted group, as may be seen in Figure 1 .
The chemical data from both serum and muscle in the control and experimental groups were normal after five months of the repletion regimen.
Experiment II. The serum and muscle data 307 R. WHANG AND L. G. WELT Tables III and IV .) Hypokalemia and an increased total C02 content are noted in each group, but these changes are not significantly different from each other. There is also a modest azotemia in each group. There is evidence of muscle potassium depletion in both groups, and although the degree of hypokalemia was the same in each, the intensity of muscle potassium depletion is clearly greater in the magnesium deficient animals.
The analyses of the total carcass are presented in Table V , and here no difference in potassium is noted, but there is a highly significant difference in magnesium. Although these animals had hypercalcemia, the total carcass calcium was not increased.
The daily excretion of potassium was estimated in this experiment, and these data are presented in Figure 2 , where the cumulative excretion of potassium is plotted against time for each group. The augmented excretion of potassium in the magnesium-deficient animals was evident beginning with day 7 of the deficient regimen; and it was significantly different at a p <.01 throughout the remainder of the study, except for days 12 and 16. Furthermore, the cumulative excretion of potassium was greater in the magnesium deficient group at a p <.01 level by the end of twenty-one days.
The mean daily urinary excretion of phosphorus is depicted in Figure 3 , where it may be noted that the magnesium-deficient animals excreted (17) . Nevertheless, the group with the magnesium-free bath had a significantly lower potassium than that bathed in the presence of magnesium. Since this experiment involved some rather drastic alterations, a second set was done, utilizing a bath with a 1 mM concentration of potassium with and without magnesium. Relman and co-workers (17) had previously reported that at this bath concentration these preparations of diaphragms maintain potassium levels quite well. This is confirmed in this study when the bath contained magnesium. In its absence, however, the diaphragms had a lower quantity of potassium. Furthermore, the calculated intracellular sodium was significantly increased in the potassium-depleted diaphragms. Exception must be taken to the complete validity of this calculation, since it is based on an estimate of the chloride space and this latter datum is then used to calculate the quantity of sodium in the extracellular phase. Using this in vitro design, Relman and co-workers (17) demonstrated that chloride enters cells when they em- 1 Statistically significant at 1) = < .05.
ployed inulin to estimate the size of the extracellular space. The significance of the calculated increase in intracellular sodium is supported by this observation, since to the extent that chloride penetrates cells, and is used to estimate extracellular volume, it tends to diminish and mask a calculated increase in intracellular sodium. Hence, this calculation is a minimal value-unless, of course, the penetration of chloride into cells is less when magnesium is absent from the bath. In each part of this experiment there was an unequivocal loss of magnesium when the bath was free of this cation.
Pathologic alterations. There was nephrocalcinosis in the magnesium-depleted groups which appeared to be confined initially to the intraluminal portion of the ascending limb of Henle's loop (9) . The intensity of the nephrocalcinosis was greatest in those animals receiving no potassium. The lesions persisted in the repleted group of Experiment I, but the intensity of the calcium deposit appeared to be diminishing.
DISCUSSION
The potassium depletion which accompanies magnesium depletion is unique in that it persists despite large intakes of potassium; it is unassociated with hypokalemia and increased total CO. content, and only rarely associated with an increase in the calculated intracellular sodium of muscle cells. Since there is an anatomic renal lesion and clear evidence of an augmented uirinary excretion of potassium, it is tempting to ascribe the depletion to a defect in the renal conservation of potassium. This hypothesis appears less attractive, however, when one recalls that in conditions of potassium depletion that are a consequence of a primary renal loss such as excessive mineralocorticoid (18) , or large sodium loads (18) , or intrinsic renal tubular defects (19) , the sequence of events is usually characterized by an extracellular deficit (reflected by some degree of hypokalemia) which is followed by a loss from cellular stores. The consistent lack of difference in the level of potassium in the serum between the control and magnesium-depleted groups suggested the alternative hypothesis that magnesium deficiency may have an influence on the ability of the cells to maintain an appropriate potassium gradient. The consequence of such a disability would be the loss of potassium from the cells, and the kidneys would excrete this in accordance with those mechanisms that maintain the concentration of potassium in extracellular fluid at a normal level. This hypothesis has other attractive features in view of the demonstration in recent years that membrane ATPase may be intimately involved in the linked transport of sodium and potassium and the fact that the activity of this enzyme is dependent on magnesium (20) (21) (22) (23) .
It was the considerations alluded to above concerning the possibility that magnesium deficiency might influence potassium loss by an effect on the cells' ability to maintain a potassium gradient that led to the design of Experiment VT. The loss of 31 R. WHANG AND L. G. WELT diaphragm muscle potassium when magnesium was absent from the bathing medium was significant. In addition, in Experiment V B there may have been an increase in intracellular sodium as well. These data are consistent with the hypothesis that the alteration in potassium levels in muscle in magnesium deficiency is a consequence of some effect at the tissue level rather than a defect in renal conservation.
Ginn and Cade (24) have suggested that the loss of potassium is a consequence of an increased secretion of aldosterone in magnesium deficiency. A primary influence of this mineralocorticoid seems unlikely in view of the discussion above. It may be, however, that the release of potassium from cells serving as an extracellular "load" of potassium might be responsible for an increased secretion of aldosterone (25) which, in turn, might participate in those mechanisms responsible for the urinary excretion of the "load" of potassium.
One other possibility is that the augmented potassium excretion is related to the hypercalcemia rather than to magnesium depletion. This must be suggested in view of the observations by Ferris, Levitin, Phillips, and Epstein (26) that the administration of vitamin D promotes an increased excretion of potassium. This alteration was accompanied by a muscle deficit of potassium, but there was no difference between the control and experimental group in the level of potassium in the serum. The force of this argument is diminished somewhat by another observation (27) , that vitamin D also promotes hypomagnesemia, although Ferris and associates (26) looked for but did not observe this alteration.
The mechanism responsible for the hypercalcemia associated with magnesium depletion is elusive. Alcock and MacIntyre (28) suggest that magnesium and calcium compete for a common absorptive mechanism in both the gastrointestinal tract and in the renal tubule. In this fashion, the less magnesium available for reabsorption, the more calcium will be reabsorbed, thereby promoting hypercalcemia. Alternative hypotheses suggest that this may be due to a redistribution of calcium between bone and extracellular fluid. The failure to demonstrate an increased quantity of calcium in the total carcass certainly provides no support for the suggestion that there is an increased absorption from both the gastrointestinal tract and the renal tubular lumen.
Since this hypercalcemia is accompanied by a striking phosphaturia, the possibility must at least be considered that there may be a state of hyperparathyroidism. The lack of hypophosphatemia argues against this. Furthermore, it is apparently not due to a major catabolic influence, as testified by the lack of difference in the urinary excretion of nitrogen in the magnesium-depleted and control animals of Experiment II. It is possible that the loss of phosphorus simply reflects a diminution in the quantity of those phosphates that are ordinarily associated intracellularly (or in bone) with magnesium (and potassium). In this fashion phosphorus would leave cells (or bone) and find its way into the urine by the renal mechanisms responsible for maintaining a normal level of phosphorus in serum.
The azotemia is most likely a reflection of altered renal function, specifically a depressed glomerular filtration rate. This parameter has not been measured, however, and it is possible that there was an increased production of urea. This latter seems unlikely in view of the lack of difference in nitrogen excretion or body weight gain.
The mechanisms responsible for this unique renal lesion are also unknown and will be discussed in more detail in a subsequent publication. The lesion persisted following repletion, although there are data to suggest that the deposit of calcium diminished.
SUMMARY AND CONCLUSIONS
1. The characteristics of magnesium depletion as observed in these experiments are: a) hypomagnesemia and a diminution in erythrocyte, muscle, and total carcass magnesium; b) a consistent hypercalcemia; c) a consistent depletion of muscle potassium with no difference in serum levels of potassium or total CO2 content and only rarely an increase in calculated intracellular sodium-in prolonged magnesium deficiency, evidence of potassium depletion by analysis of total carcass as well; d) an increased urinary excretion of potassium; e) an increased urinary excretion of phosphorus with no alteration in the serum level of phosphorus; f) no increases in urinary excretion of nitrogen with augmented urinary excretion 312 OBSERVATIONS IN EXPERIMENTAL MAGNESIUM DEPLETION of either potassium or phosphorus; g) azotemia in association with a renal lesion characterized by intraluminal deposits of calcium.
2. The possible mechanisms for these alterations have been discussed, and reasons have been presented for considering the potassium loss as a consequence of an influence of magnesium at the tissue level, rather than as due to a renal tubular defect in conserving potassium. This hypothesis is supported by the fact that intact diaphragms that are bathed in a solution to which no magnesium has been added lose potassium, in contrast to their controls.
